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Accurate modelling of the T2K neutrino flux is crucial for a better
understanding of neutrino interactions at the near and far detectors. Most
of T2K neutrinos are created through in-flight decays of unstable hadrons,
produced by interactions of 31 GeV/c protons in a long graphite target
(90 cm). External hadron production data is used for correcting the flux
model. The analysis presented here uses a new NA61 dataset, collected
in 2009 using the full length replica of the T2K target. The preliminary
results suggest a reduction of the hadronic interaction component of the
neutrino flux uncertainty by ∼50%, to errors of less than 5%.
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1 The T2K Neutrino Flux
The T2K (Tokai-to-Kamioka) experiment [1] is a long baseline neutrino experiment
located in Japan. The main goal of the experiment has now shifted from observing
electron neutrino appearance νµ → νe [2] to measuring CP violation in neutrino
mixing. An intense muon (anti)neutrino beam νµ (νµ) is fired across Japan, from
the village of Tokai, on the eastern coast of Japan, to the Super Kamiokande (SK)
detector located in the mountains on the western side of the island, 295 km away.
The initial νµ (νµ) beam is produced inside the Japan Proton Accelerator Research
Complex (J-PARC), where 31 GeV/c protons are aimed at a graphite target, and
the pions and kaons resulting from this collision are guided into the decay volume
using magnetic horns. Switching the horn polarity allows for the focusing of either
positively or negatively charged hadrons, which respectively produce either neutrinos
or anti-neutrinos through decays in the decay volume. T2K uses two near detectors,
ND280 and INGRID, to measure the neutrino flux just after production point, and
SK measures the neutrino flux 295 km downstream. Neutrino oscillation parameters
can be extracted from the change in the composition of the neutrino flux between the
near and far detectors.
2 The NA61/SHINE Measurements for T2K
The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [3] is a fixed
target experiment served by the H2 beam line of the CERN North Area. The exper-
iment has been proposed in November 2006 and inherited many of its components
from NA49. It is a multi purpose research facility providing precise hadron produc-
tion measurements for long baseline neutrino experiments (T2K, NOνA, MINERνA
etc.), used in reducing the unoscillated neutrino flux uncertainty. For T2K, NA61
measured the differential multiplicities (yields) of charged hadrons exiting from two
distinct target configurations, the thin-target [4] and the replica-target [5] (see Fig. 1).
With the thin-target dataset, the measured hadronic yields are binned by the outgo-
ing hadron momentum and angle NNA61thin (p, θ), whereas the replica-target multiplicity
measurements are also binned based on the outgoing hadron’s exiting position along
the target NNA61replica (p, θ, z).
Presented here are the preliminary uncertainties associated with the NA61 2009
replica-target tuned T2K neutrino flux prediction. Currently, the T2K collaboration
still relies on the NA61 2009 thin-target dataset to constrain the neutrino flux predic-
tion. This dataset is appropriate for directly constraining ∼60% of the neutrino flux
which originates from primary interactions within the graphite target. The strength
of the replica-target dataset lies in its ability to directly constrain both primary in-
teractions and subsequent reinteractions within the target, thus accounting for ∼90%
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Figure 1: The NA61 thin-target and replica-target configurations used for hadron
production measurements for T2K.
of T2K neutrino flux. Due to limited statistics, the 2009 replica-target dataset only
contains charged pion yields, so that thin-target data is still used for constraining the
neutrino yield for other types of hadrons (p,K±, K0S, K
0
L), or for exiting pions outside
the (p, θ) phase space of the replica-target measurements.
3 Constraining the T2K Neutrino Flux Prediction
T2K neutrino flux predictions [6] rely on modelling interactions of primary protons
incident on the graphite target, the propagation and interaction of subsequent hadrons
resulting from this primary interaction, and the eventual decay of daughter hadrons
into neutrinos. The simulation is driven by proton beam profile and horn current
measurements, and based on a combination of FLUKA2011 [7][8], GEANT3 [9] and
GCALOR [10]. Associated with every simulated neutrino is a chain of hadronic
interactions leading to its production. At every interaction point, the kinematic
information for the incident and outgoing particle is stored, in addition to the target
nucleon species and the distance travelled by particles through each of the simulated
detector components. Finally, the nominal flux prediction gets constrained based
on available hadron measurements, and the associated flux uncertainty evaluated.
Weights are applied to every simulated neutrino event based on its hadronic history:
every interaction in the ancestry chain is assigned a multiplicity weight, and every
propagating parent hadron is assigned a hadron interaction length weight.
The multiplicity weight corrects the predicted neutrino yields based on the mo-
mentum p and angle θ (measured with respect to the beam direction) of the produced
ancestor hadron:
wthin(p, θ) = N
NA61 (p, θ) /Nmodel (p, θ) . (1)
If the ancestor hadron exiting from the target is a pion, it is sufficient to constrain only
the outgoing pion rate with the corresponding replica-target weight wreplica(p, θ, z),
instead of individually constraining all in-target interactions (see Fig. 2 for represen-
tative replica multiplicity weights). Thin-target multiplicity weights are assigned to
out-of-target interactions.
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The interaction length weight corrects the predicted neutrino yield based on the
distance d travelled by propagating ancestor hadron through different materials before
interacting:
w(p, d) =
σdata
σmodel
exp
(
−ρd
(
σdata − σmodel
))
, (2)
where ρ is the target material number density, p is the propagating hadron’s momen-
tum and σ ≡ σ(p) is the hadronic production cross section. The production cross
section is assigned an uncertainty equal to the quasi-elastic cross section, to reflect
the observed preference of the replica-target measurements for the proton production
cross-section of ∼200 mb (see Fig. 2).
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Figure 2: Replica-target positive pion w(p, θ, z3) multiplicity weights (left side). Ratio
of replica- and thin-target constrained flux predictions, with ratio errors propagated
from the assigned production cross section uncertainty (right side).
4 Results and conclusions
Neutrino flux uncertainty from the hadronic interaction model, as a function of neu-
trino energy, are shown in Fig. 3 (SK in neutrino mode). The pion rescattering error
was estimated using HARP double differential pion cross section measurements [11].
The nuclear error comes from constraining secondary and tertiary baryon interac-
tions using Feynman scaling and target nucleus scaling for extending the coverage of
existing hadron production measurements. Around the T2K neutrino flux peak, the
replica-tuned flux uncertainty is ∼50% smaller than the thin-tuned flux uncertainty.
In particular, the hadron interaction length uncertainty, related to constraining the
hadronic production cross section, is substantially reduced at lower neutrino energies.
The hadronic multiplicity and pion rescattering uncertainties are also reduced.
The preliminary results suggest a 50% reduction in the hadronic interaction com-
ponent of the neutrino flux uncertainty, which could open up attractive prospects for
the T2K neutrino cross section measurements programme.
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Figure 3: The hadron interaction model uncertainties evaluated on the SK flux pre-
diction. The uncertainties have been calculated for the flux constrained with either
purely NA61 2009 thin-target data (left side), or using a combination of NA61 2009
thin-target and replica-target data (right side, denoted as the replica tuning error).
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